Quercetin 3-O--monoglucopyranoside and quercetin 3-O--maltooligosaccharide were synthesized from quercetin using glucosyltransferase-3 from Phytolacca americana and cyclodextrin glucanotransferase.
Quercetin is a polyphenolic phytochemical found in various fruits and vegetables, such as onions, tea leaves, apples, and berries [1] [2] [3] [4] . It has a typical flavonol structure consisting of two benzene rings (A, B) and one pyran ring (C) (Figure 1 ). It has been proposed that the ortho-dihydroxy substitution in ring B, the 2,3-unsaturation in ring C, and the 3-and 5-OH groups are responsible for the antioxidant activity [2, 3] . Furthermore, quercetin glycoside, which has one or more sugar moieties bound to the phenolic groups by glycosidic linkages, is also present in plant-based diets. The loss of the phenoxy moiety decreases the antioxidant activity, although glycosylation of the aglycone increases the solubility in water [3] . Quercetin and its glycosides in foods are absorbed through the intestines, transported to organs, and show antioxidant, antiproliferative, anticancer, and neuroprotective effects [1] [2] [3] [4] . It was believed that only the free form of quercetin could be absorbed by diffusion in the intestines, but recent studies suggest that the sodium-dependent glucose transporter can also transport the glycoside form [1] . Here, with the aim of improving the water solubility of quercetin and using it as a food additive or cosmetic ingredient, we studied the enzymatic synthesis of quercetin glycosides. We obtained quercetin glycoconjugates modified at 3-OH on ring C using glucosyltransferase and cyclodextrin glucanotransferase.
When quercetin is incubated in cell suspension cultures of Phytolacca americana, the glycosylated products are obtained from the cell extracts. The electrospray mass spectrum of the major product shows a molecular ion corresponding to quercetin monoglucopyranoside. 13 C NMR analysis of the monoglucopyranoside product indicates that the C-3 signal shifts from 137.2 to 133.0 ppm upon glucosylation and the C1′′ signal derived from the glucosyl moiety is observed at 100.5 ppm, which is a typical value for the anomeric carbon [5, 6] . In the 1 H NMR spectrum, an anomeric proton signal appears at 5.47 ppm and the coupling constant between H1′′ and H2′′ is 7.6 Hz [6] . These spectral data suggest that cell suspension cultures of P. americana glucosylate quercetin at C-3 in the -configuration.
To identify the enzyme that catalyzes the glucosylation reaction, we incubated quercetin in the presence of purified glucosyltransferase-3 from P. americana (PaGT-3) and uridine diphosphate glucose (UDP-glucose), a glucosyl donor. The HPLC chromatogram shows three products that migrate faster than quercetin on a reverse phase column. The electrospray mass spectrum of the major product shows a molecular ion [M -H]peak at m/z 463.4. This product coelutes with authentic quercetin 3-O--D-monoglucopyranoside (isoquercetin) by HPLC analysis.
Next, we used Escherichia coli cells expressing the PaGT-3 gene to synthesize the glucoside. The reaction mixture containing E. coli cells and quercetin in M9 medium supplemented with glucose produced quercetin 3-O--monoglucopyranoside in approximately 80% yield. The glucoside product was isolated from the medium. This method does not require the addition of expensive glucosyl donor molecules activated by a nucleoside diphosphate because E. coli cells can regenerate UDP-glucose.
To improve the water solubility and stability of quercetin further, we incubated quercetin 3-O--monoglucopyranoside and cyclodextrin with cyclodextrin glucanotransferase (CGTase) and analyzed the products by LC-MS ( Figure 2) . The results indicate that CGTase transforms quercetin 3-O--monoglucopyranoside into the corresponding -maltooligosaccharides. Chemical glycosylation typically involves tedious protection and deprotection steps for the sugar hydroxyl groups, whereas the present biocatalytic method is convenient for producing glucosides. However, the ortho-dihydroxy substitution in ring B, the 2,3unsaturation in ring C, and the 5-OH group necessary for antioxidant activity are retained. We are currently conducting a study on the antioxidant activity of quercetin and its glycosides in mouse embryonic fibroblasts in vivo.
Experimental
General: All chemicals were purchased from Wako, Nacalai Tesque, Amano Enzyme, or Sigma-Aldrich. PaGT-3 was expressed and purified as described previously [7, 8] . LC analysis was performed on either a Shimadzu or a Hitachi HPLC system. Quercetin and its glycoside products were separated on reverse phase columns using acetonitrile/water. Mass spectra were obtained from either MS station JMS-700 or an AB Sciex 3200 Q TRAP. NMR spectra were measured on a Varian XL-400 spectrometer.
Glucosylation of quercetin:
Callus tissue from P. americana was prepared as described previously [7, 8] . Quercetin solution (20 mg in 0.1 mL dimethyl sulfoxide) was added to the flask containing callus tissue (20g). The cells were incubated for 2 days at 25°C. The cells were isolated by filtration, disrupted with sea sand, and extracted with methanol (200 mL) for 24 h. The methanol fraction was concentrated and partitioned between water (100 mL) and ethyl acetate (300 mL). 13 Enzymatic glucosylation reactions were performed at 37°C for 60 min in 50 mM potassium phosphate buffer (0.5 mL, pH 7.2) supplemented with 50M quercetin, 100 M UDP-glucose, and 5 M enzyme. The incubation was stopped by adding 1.5% trifluoroacetic acid and the reaction mixture was extracted with ethyl acetate.
For glucosylation of quercetin in E. coli cultures, E. coli cells were prepared as follows. M15 cells bearing pQE-PaGT-3 were incubated at 30°C in LB medium (1 L). At OD 600 = 1, IPTG (0.1 mM) was added, followed by incubation at 30°C for an additional 16 h. M15 cells expressing PaGT-3 were collected by centrifugation and resuspended in M9 medium (1 L) supplemented with glucose (20 mM). The reaction was started by adding quercetin solution (20 mg in 0.5 mL of dimethyl sulfoxide) and continued for 8 h with shaking at 30°C. The glucoside product was extracted with ethyl acetate.
Quercetin 3-O--D-maltooligosaccharides:
These were synthesized as follows: CGTase (125 units) was added to a solution containing quercetin 3-O--D-monoglucoside (10 mg) and -cyclodextrin (49 mg) in 50 mM sodium citrate buffer (pH 5.4). After stirring the reaction mixture at 55°C for 24 h, the products were extracted with ethyl acetate and then with n-butanol. The butanol extract contained the quercetin 3-O--D-maltooligosaccharides. The 1 H NMR spectrum of quercetin 3-O--maltotrioside contains one  anomeric proton signal at 5.44 ppm (1H, J = 7.2 Hz) and two  anomeric proton signals at 5.00 ppm (1H, J = 3.2 Hz) and 4.99 ppm (1H, J = 3.2 Hz), suggesting the presence of one and two -glucoside linkages [7] .
